Abstract
INTRODUCTION
Heat pipe is a device used for absorbing heat from a heat source, transmitting it through a required distance and rejecting it to a sink. It essentially consists of a working fluid undergoing a phase change and the portions of the heat pipe in which different processes take place are called evaporator, transmitter and condenser. Present work is related to the analysis of the heat transfer process through the solid parts and working substance of heat pipes aimed at finding the favorable parameters for improving the design. A schematic diagram showing the heat transfer process through the cover plate of a typical heat pipe is given in Figure 1 . The temperature of the outer surface of the evaporator, where the heat source is placed is the important parameter to be optimized in thermal management of equipments/devices using heat pipes. Its value is governed by the heat transfer coefficient inside the channel, thermal conductivity of the materials of the cover plate and wick, heat transfer coefficient outside the condenser, thickness of the cover plate and temperature at which the working substance condenses and evaporates denoted as T i in figure 1. By considering a heat conduction analysis, computation of a uniform value for T i of the working substance temperature along DC under steady state condition (ie, no heat accumulation in the working substance) is possible. In other words, by taking the net heat transfer across DC as zero, it is possible to find out a uniform value for T i and hence a non-uniform distribution of heat flux along x−direction denoted as q(x) in Fig 3, corresponding to a finite value of thickness of the cover plate ABCD. Do et al. [1] have noted that several prior investigations have assumed a uniform heat flux into the evaporator and condenser and no heat transfer in the transmitter as illustrated in Figure 2 . The transmitter of a heat pipe is normally insulated from outside and is commonly referred to as adiabatic transmitter section.
Vadakkan et al. [2, 3] have demonstrated that there occurs heat transfer to the working substance at the axial locations of adiabatic transmitter as well, due to spread of the heat flux in the axial direction. The distribution of heat flux q(x) into the fluid from the inner surface of the cover plate depends on the temperature distribution of the cover plate and the constant liquidvapor interface temperature (T i )of the working substance. It is noted in ref. [4] that the flow rate, velocity and thickness of the liquid film of the working substance inside micro channels of heat pipes is controlled by the distribution heat flux, q(x) into the micro channels. The heat flux through the cover plate may have axial and transverse (across the thickness) components due to axial conduction and heat transfer to the working substance respectively. A brief review of the literature dealing with computation of the liquid-vapor interface temperature of the working substance, the heat flux distribution into the working substance and axial heat conduction through the plate are discussed below.
Aghvami and Faghri [5] have presented an analysis of heat conduction through the cover plate of a flat heat pipe by solving two-dimensional heat conduction equation. They specified a constant temperature for the liquid vapor interface and used a linear interpolation to get the inner wall temperature. This is equivalent to treating the wick and liquid within the wick as a thermal resistance. The constant liquid-vapor interface temperature is found out by solving separate equations in liquid and vapor regions. Hence the heat transfer to the liquid and axial heat conduction depend solely on the value of the temperature prescribed at the inner surface of the cover plate. Sobhan et al. [6] have employed a transient computational methodology using ambient temperature as the initial temperature and presented the results for steady state conditions as well. In this study a constant liquid-vapor interface temperature computed using Clausius-Clapeyron equation is taken as the boundary condition. Vadakkan et al. [3] have also used a transient approach in which the wick-vapor interface temperature is computed from energy balance at the interface and liquid pressure at the interface is computed using ClausiusClapeyron equation.
In the case of micro heat pipes, the cover plate is very thin and the assumption of uniform evaporation and condensation in the respective portions and no phase change in the adiabatic region as illustrated in Figure 2 is generally followed. Sobhan et al. [6] have investigated the transient and steady state performance of a micro heat pipe with triangular channels by considering the heat exchange across the evaporator and condenser as constant values. This heat pipe does not have a adiabatic transmitter. The results show that distribution of velocity in the channel has a sharp change of slope. One of the reasons for this sharp variation of velocity in the channel is the use of uniform heat flux at the condenser and the evaporator. An analytic model was developed by Suman et al. [7] to find expressions for the critical heat input, dry out length and available capillary head for the fluid flow. The heat pipe studied has an adiabatic transmitter in between the evaporator and condenser. This study also used a discontinuous variation of heat flux along the length with uniform values at the evaporator and condenser and zero heat flux at the adiabatic transmitter. Launay et al. [8] have studied hydrodynamic and thermal behavior of a water-filled micro heat pipe. They considered a uniform distribution of heat flux in the evaporator, neglected the axial conduction through the wall and applied a constant temperature along the inner wall of the heat pipe. The equilibrium temperature of the liquid-vapor interface is taken as a constant value more than the saturation temperature of the working substance. Longtin et al. [9] presented a one dimensional model of a micro heat pipe operating under steady state conditions, for predicting the fluid thermal behavior including maximum heat transfer capability, effect of pipe length, width, working fluid and optimum operating conditions. They assumed a constant vapor temperature, a uniform evaporator heat flux and also assumed that adiabatic transmitter experiences no heat transfer. The results show that maximum heat transfer capability of a micro heat pipe varies as inverse of its length and cube of its hydraulic diameter.
Sartre et al. [10] presented a three dimensional steady state model for predicting the effect of inter-facial phenomenon on evaporative heat transfer in micro heat pipes. They applied a uniform heat flux on the upper surface of the evaporator plate and its lower surface is cooled by natural convection. They proved that a part of the total heat input in the evaporator passes through the cover plate. Hung and Tio [11] have investigated the effect of axial conduction through the solid walls of a micro heat pipe using an analytic solution of a one dimensional steady state model. In this study, the temperature distribution of the solid is found as a function of a constant liquid temperature by considering a convective resistance corresponding to N u = 2.68 for the convective films at the evaporator and condenser. Then they proved that the liquid temperature is equal to the average solid wall temperature by equating the heat added and removed at the evaporator and condenser. They also observed a significant axial heat conduction at the walls for different materials such as Copper, Nickel and Monel.
The foregoing literature shows the importance of the analysis of heat conduction through the cover plate for the prediction of important parameters related to the design and the operation of heat pipes. Also it is found from literature that, the interface temperature of the evaporating liquid has been determined either by thermodynamic considerations [3] , [6] or by using heat transfer considerations as in [5] . It is noted that a uniform temperature computed from analysis of heat transfer through the cover plate will be accurately provided, evaporation of the working substance is thermodynamically possible under the temperature and other conditions applied.
Therefore, the present work is concerned with development of a numerical scheme for the determination of a constant liquid-vapor interface temperature (T i ) of the working substance by analyzing the heat transfer through the cover plate. Further, the analysis provides the temper-ature distribution in the cover plate and data for the determination of distribution of heat flux into the working substance, the amount of heat bypassing the working substance, if any, etc.
The heat flux distribution is an important input to determine the temperature of working substance inside the channel. To enable the design of the heat transfer process to be implemented over the cooling side of the condenser, an inverse heat conduction problem to estimate the heat transfer coefficient over the outer surface of the condenser to limit the average heater surface temperature (denoted as T evap ), below a prescribed value is solved. This paper describes the numerical method for the solution of the liquid-vapor interface temperature, the methodology involving Genetic Algorithm (GA) for solving the inverse heat conduction, equation of motion of liquid in the meniscus of a micro-sized triangular grooved channel and the methodology of solution for liquid velocity and meniscus radius. The effect of varying the thickness of the cover plate on the heat transfer coefficient outside the condenser has been studied. From the analysis of flow through the working substance through micro-grooves, the minimum value of surface tension required (denoted as σ r ) for making the flow under a given set of conditions has been determined. This is another data useful for the selection of right working substance for the heat transfer.
MODELING OF HEAT CONDUCTION
In Figure 1 , the rectangle ABCD represents the metallic cover plate of a heat pipe that separates the working substance and the heat exchanging surfaces. The edge F B represents the evaporator of the heat pipe through which a uniform heat flux enters the cover plate. The condenser is represented by the cooling edge AE, where a fluid at temperature T ∞ with a convective heat transfer coefficient h removes heat. The edge EF is insulated and the edge DC is exchanging heat to the working substance. It is assumed that the liquid vapor interface remains steady so that the net heat transfer across CD is zero for a given constant heat flux through F B. In this manner the edge DC is exchanging heat to a constant temperature reservoir which acts simultaneously as a heat sink and heat source. An equivalent heat transfer coefficient denoted as h eq for the exchange of heat from the top edge DC to the constant temperature liquid vapor interface is considered. It has been reported by Ma and Peterson [12] that for triangular grooved channels, the heat transfer coefficient for heat exchange with the boiling liquid over From the earlier section it is noted that most of the previous investigations on flat heat pipes and micro heat pipes have assumed the resistances of the metallic plate and convective film resistances as zero and consequently, a heat flux distribution similar to the one shown in Figure   2 is used. Determination of q(x) for a known value of liquid temperature T i is a heat transfer problem which can be solved directly. But in the present work T i is an unknown. Corresponding to phase change of the working substance in evaporation and condensation, the temperature T i
should have a constant value over the entire length of the cover plate. Another known condition is that the net heat exchange to liquid through the edge CD is zero, which can be mathematically expressed as 
at points on AE and on FB respectively
At point on CD,
Where, h eq is an equivalent heat exchange coefficient. In the case of micro heat pipes h eq is the average value of the heat transfer coefficient in boiling and condensation.
NUMERICAL METHODOLOGY FOR HEAT TRANSFER
In the present work a cell centered finite volume method is applied for the solution of equation (1). Referring to the standard grid system for a general variable as followed by Patankar [13] , the discretization equation for the control volume with geometric center at P , with East, North, West and South neighbors denoted by E, N , W and S is
Where A s are the influence coefficient and T is temperature. The application of the boundary condition in equation (2) for the solution of the governing equation is straight forward. But application of the boundary condition on the top line CD as per equation (5), where the liquidvapor interface with unknown temperature is the North neighbor requires special attention and the details is described in the following. Figure 4 shows the grid line in the metal plate just below the edge CD denoted as j = m with the liquid-vapor interface as the North neighbor . For the control volume shown as P on the line j = m, the heat transfer towards the liquid-vapor interface is obtained by integrating equation (5) over the control volume, thereby the rate of heat transfer becomes
Discretization equation for liquid-vapor interface temperature, T i
From this expression for heat transfer, the North influence coefficient of grid points along the line j = m becomes
The discretization equation for the computation of T i is obtained by taking the total heat transfer across the top edge CD equal to zero, which can be expressed as
Equation (7) shows that under steady state condition, the vapor liquid interface temperature is the weighted average of the temperature of grid points below the top line CD. While, the discretization equation of any interior grid point involves the influence of temperature of four neighboring grid points, the discretization equation (7) of T i consists of influence of temperature of all the grid points on the grid line below CD. In the present work all the discretization equations including the one for T i are solved using conjugate gradient method.
METHODOLOGY FOR INVERSE HEAT TRANSFER PROBLEM
By taking the heat transfer coefficient h at the cooling side of the condenser as a controllable parameter, an inverse problem is considered to determine the value of h required for limiting the heater surface temperature on the outside surface of the evaporator to T evap . This value for h is denoted as h r,Tevap . Genetic Algorithm (GA) is applied to estimate the value for h r,Tevap . GA mimic the theory of natural evolution to maximize an objective function. Here the value of h r,Tevap is to be estimated such that the temperature over the surface of the heat source computed from the theoretical model becomes equal to the prescribed minimum value of temperature, denoted as T evap . Hence the objective function is taken as
where T comp is the average value of temperature of the surface of the heat source computed corresponding to the values of h assigned to a set of objects in populations that are undergoing changes through generations. The motivation for changes between generations is to maximize the value of Z. For solving T comp a subroutine developed based on the numerical method outlined in the previous section has been incorporated as a forward model. In the present work the value of T evap is taken as 350 K. The computer code in FORTRAN for GA was adapted from the GA driver created and made available as an open source by Carroll [14] . The important input parameters of the GA computer code are, size of the population, number of generations, minimum value of the parameter and maximum value of the parameter. As suggested by Carroll [14] , a uniform cross over and a population size of five is applied. The minimum and maximum values of parameters to be given as input vary with the problem and a narrow range that contains the optimum solution (narrow search space) gives more accuracy as well as convergence in less number of generations. For the single parameter estimation as that of the present work, a narrow search space can be easily found out by starting from a wide search space and executing the program for a few number of generations (5 generations in the present work). At the end of the first execution of GA in this manner, a suitable narrow range can be identified from the parameters applied on the objects of population and the corresponding computed temperature.
Another important parameter influencing the accuracy of heat transfer computation for heat pipes is the equivalent film heat transfer coefficient (h eq ) over the inside surface of the microgroove, where evaporation and condensation of the working substance is taking place.
From literature, it is found that value of this two phase heat transfer coefficient is not reported with high accuracy and the uncertainty involved in its experimental determination is high. Cengel [15] reported that the heat transfer coefficient in boiling and condensation ranges from 2500 − 100000 W/(m 2 K). Ma and Peterson [12] reported the same to vary in the range 37000 − 67000 W/(m 2 K). A recent study by Laubscher and Dobson [16] on the boiling and condensation heat transfer coefficients for a heat pipe heat reports a maximum of 8000 W/m 2 K for boiling and 5000 W/m 2 K for condensation. The present inverse solution to the heat transfer problem is also used to estimate the value of h eq as a function of temperature of the heat source (could be obtained from measurement), convective heat transfer coefficient on the outside surface the condenser and bulk temperature of the cooling fluid, heat load, geometry and material of the heat pipe. It may be noted that all the independent variables are occurring outside the heat pipe, so accurate experimental measurement of these variables is possible.
MODELING OF MOTION OF LIQUID IN THE MENISCUS ON MICRO CHANNEL
Referring to the differential element of a liquid meniscus in a micro-groove in Figure 5 , the differential equation of the motion of liquid in the meniscus can be written as
The forces considered here are due to surface tension, gravity and friction. For the equilateral triangular channel with the details given in Figure 6 , the area of liquid flow can be expressed as,A l = CR 2 , where C = 0.68485 and the total wetted length, L w = 2 √ 3R. For this geomtery, R also represents the height of liquid meniscus.
An equation of gradient of rate of flow of liquid along the passage, corresponding to a steady liquid-vapour interface during the evaporation and condensation process taking place inside the channel can be written as
where Q is the rate of flow and Q = A l V . The right hand side term of the above equation is known from the calculation of heat transfer through the cover plate. Therefore,
By re-writing the first term of equation (9) with the RHS of equation (11), and taking
it is possible to write
The friction factor for the flow of liquid through the micro channel is taken as
13.33
Re according to references [6] , [7] , [17] . Here Re is computed from the average value of velocity V of liquid and average meniscus radius R. The characteristic dimension of flow is taken as the ratio of four times area of flow to wetted length, which for the current geometry in Figure 2 is D = 0.7907R.
Thus the final expression for the friction factor taken for computations is f = 16.85ν RV .
After rearrangement and substitutions, equation (12) , for the gradient of radius of the liquid meniscus has the following form
Equations (10) and (13) are two first order differential equations of Q and R. After solving Q and R, the liquid velocity is computed by V = Q/A l = Q/(CR 2 ). The side of the heat pipe, where the condenser starts is taken as x = 0 and the initial value problem is solved by a two step numerical integration using Adam-Bashforth method.
By noting that, positive x−direction is from condenser to evaporator, the sign of dR dx as per equation (13) should be negative and its magnitude must be less than a specified value for avoiding dry out (R(x) becoming equal to zero at x < L hp ). Further, all the terms of the numerator of this equation are positive. This leads to the condition that σ − 2ρ RV 2 should be greater than a particular limiting value, say, σ m , to prevent dry out. Thus, σ > σ m + 2ρ RV 2 .
Taking σ r = σ m + 2ρ RV 2 , The criterion to avoid dry out can be expressed as σ > σ r , where σ r is called as the minimum surface tension required and σ m denotes a margin. In the present work, along with the solution of Q and R, σ is varied and the value of σ that just avoids dry out, namely, σ r has been determined. Its value is a function of q(x), ν, β and the properties of the working substance. 
RESULTS AND DISCUSSION

Range of parameters
Definition of different terms
The new terms included in the discussion of results of the problem are Heat Spread Factor to evaporator region to avoid dry out condition is denoted as σ r . The actual surface tension of the working substance should be greater than σ r . Table 1 shows the effect of heat transfer coefficient at the outer surface of condenser (h) on different parameters at heat loads 25 kW/m 2 and 250 kW/m 2 , corresponding to an equivalent film heat transfer coefficient at the inside surface of h eq = 15000 W/(m 2 K). The temperature at all the different locations decrease with the increase of h. At the heat load of 250 kW/m 2 , a heat transfer coefficient as high as 7000W/(m 2 K) is required at the condenser to limit the temperature of the working fluid to 350K. For small thickness of cover plate as t = 1 mm, the HBF is found to be negligible and is found to be unaffected by the heat load. The heat spread (HSF) through the adiabatic regions near the condenser and evaporator are nearly equal and is about 13% of the total heat. HSF is found to be independent of h as well as q. The ETC is found to be insensitive to variations of heat load and h and is found to be 2.07 times that of the thermal conductivity of Copper. Table 2 shows the effect of the thickness of the cover plate on heat transfer for h = 3000W/m 2 K and h eq = 15000W/m 2 K, for two values of evaporator heat load, viz. 25kW/m 2 and 250kW/m 2 .
Effect of heat transfer coefficient at condenser
Effect of thickness of the cover plate
For both the heat loads, an increase of thickness of the cover plate from 0.5 mm causes the temperature of the heat pipe to reduce very slightly up to 10 mm. For t > 10 mm, the temperature of the heat pipe increases by negligible amounts. Variation of temperature of the heat pipe with thickness is negligible, for the entire range of thickness of the cover plate studied. Same trend is observed for the entire range of values of h also. Further, it can be seen from Table 2 , that increase of thickness tends to spread the heat along the axial direction of the heat pipe, thereby reducing the intensity of heat flux entering the working substance undergoing phase change in the micro-grooves of the heat pipe. Tables 1 and 3 shows that the temperature of the heat pipe is more controlled by the heat transfer coefficient at the condenser (h) than h eq . But the heat spread is controlled more by h eq than h. Unlike the effect of thickness, increase of heat spread with a reduction of h eq is achieved at a penalty of slight increase of temperature. Therefore, a feasible solution to increase the spread of heat flux and a consequent reduction in the intensity of heat flux into liquid without the increase of temperature of the heat pipe is to increase the thickness of the cover plate.
Effect of liquid film heat transfer coefficient inside the grooves
Heat transfer coefficient at condenser
The value of the heat transfer coefficient required (h r,350 ) on the outside surface of the heat pipe to limit the average temperature of the heat source to T evap = 350K is tabulated in Table   ( (7) and (8) respectively.
The three different curves in figures (7) and (8) Table 2 . The important parameters related to the heat transfer through the cover plate showing the effect of thickness of the cover plate and heat loads are tabulated in Table 5 . Clearly, the increase of heat spread and by-pass with increase of t from 0.5 mm could be the reasons for lowering the heat transfer requirement outside the condenser t. With increase of thickness beyond t = 5 mm, the increase of thermal resistance leads to a slight increase of h r,350 . The reduction of the maximum value of intensity of heat flux to liquid is expected to reduce the magnitude of gradients of radius of the liquid meniscus and velocity in the micro-grooved channel. The effect of the equivalent film heat transfer coefficient inside the micro grooved channel on h r,350 has also been investigated for h eq = 25000, h eq = 50000 and h eq = 75000. The results of this parametric study are presented in Tables 6,7 and 8 respectively, show that increase of h eq reduces the heat transfer requirement outside the condenser (h r,350 ) for all values of thickness of the cover plate.
Estimation of equivalent heat transfer coefficient over the inside surface of the microgrooves
The equivalent heat transfer coefficient (h eq ) over the inside surface of the microgrooves has been estimated by keeping t = 5 mm, k = 401 W/mK, h = 3000 W/m 2 K, T ∞ = 300 K and q = 100 kW/m 2 and by varying the heater surface temperature in the range [336 − 360] K. It is found that for the set of fixed conditions used, the heater surface temperature T evap can not be reduced below 336 K. Figure (9 ) shows the variation of h eq with T evap . The value of h eq is found to vary widely for small changes of heater surface temperature. Therefore, accuracy of the estimated value depends on the accuracy of the heater surface temperature.
Minimum surface tension required to avoid dry out
Determination of surface tension required under different operating conditions is an important parameter required for selecting the amount and type of surfactants to be used while preparing the working substance of a heat pipe. In this study water is taken as the base fluid, therefore, the coefficient of viscosity and latent heat of vaporization are taken for water. For constant values of ν and h f g , the meniscus radius and velocity of the working fluid depend on β, q(x) and σ. The effect of the thickness of the cover plate in altering the distribution and maximum intensity of q(x) was studied from the analysis of heat transfer through the cover plate.
Therefore, the value of minimum surface tension required for avoiding the dry out condition, σ r , has been investigated by varying the thickness of the cover plate, t and the angle of elevation of the heat pipe, β. Figures (10) , (11) and (12) show the variation of σ r with β for t = 0.5mm and t = 15mm corresponding to heat loads of 100kW/m 2 , 200kW/m 2 and 250kW/m 2 , respectively.
While the value of σ r increases with increase of β, for a constant value of β, the value of σ r is found to reduce with increase of t in all the cases investigated. A percentage reduction in σ r of 20 − 38% has been found for an increase of t from 0.5mm to 15mm.
Liquid velocity and meniscus radius
In this section results from the solution of equations of flow of the liquid is presented for a fixed set of thermal parameters by varying the surface tension of the fluid at β = 10 o . Figure   ( 13) shows the variation of radius of the meniscus of the liquid in the triangular micro groove corresponding to q = 100 kW/m 2 , h = 2600 W/m 2 K, h eq = 15000 W/m 2 K and t = 0.5mm.
The surface tension of the working substance is varied as a multiple of σ r . For the lower values of σ, the magnitude of denominator of the equation (13) (14) and (15) are smooth compared to the predictions in the previous investigations [6] , [7] . This is due to the comparatively smooth variations of q(x) computed in the present work. The smoothness in the variation of velocity improves with increase of thickness of the cover plate due to higher axial heat spread and by-pass of heat. (kW/m 2 ) t = 0.5 mm t = 1 mm t = 1.5 mm t = 2 mm t = 5 mm t = 10 mm t = 15 mm (kW/m 2 ) t = 0.5 mm t = 1 mm t = 1.5 mm t = 2 mm t = 5 mm t = 10 mm t = 15 mm (kW/m 2 ) t = 0.5 mm t = 1 mm t = 1.5 mm t = 2 mm t = 5 mm t = 10 mm t = 15 mm
